Staphylococcus aureus tested, irrespective of the capacity of the phage to form plaques on living cells of the strain. The uninfected cells of the 12 strains contained a second lysin, an autolysin, released upon cellular autolysis. The autolysin preparations differed from the phage-induced lysins, in that they exhibited relatively high activity for lysing Micrococcus lysodeikticus and low activity for strain S. aureus KiN , and were each specifically inhibited by antiserum prepared against purified autolysin from strain K1 . A third kind of lysin, virolysin, induced by polyvalent phage K, was differentiated from the lysins of the specific phages on the basis of its antigenic specificity and lack of action on M. lysodeikticus. All three kinds of lysins digested the mucopeptide portion of staphylococcal cell walls. No evidence was found that any of these lysins possessed specific host ranges which could be correlated with the lytic host range of the inducing phage.
In previous studies, infection of Staphylococcus aureus strain K1 by phage K1 was shown to induce the formation of a lysin, virolysin, released at lysis and separable from the phage by ultracentrifugation (Ralston et al., 1955 following. (i) Virolysin fails to lyse living, heated, or acetone-extracted cells of Micrococcus lysodeikticus, whereas the normal cell autolysin does.
(ii) Virolysin shows a pH optimum at pH 7.5; autolysin is more active at pH 6.5. (iii) Virolysin and autolysin show different antigenic specificities with neutralizing rabbit antisera prepared with the partially purified enzymes (Ralston et al., 1957b) . The present paper reports the production of phage-induced lysins and autolysin-like enzymes by specific phages and propagating strains of the staphylococcal phage-typing series. These lysins are compared with the phage K1 virolysin. The study was carried out with 12 phages and hosts, representing members of four broad lytic groups and phages of A, B, F, and L serology (Blair and Williams, 1961) . In addition, it includes an analysis of the lysins formed by these phages as a result of infection of a common host, S. aureus K1, and of the lysins induced by phage K1 in various strains of S. aureus.
Of particular interest has been the problem of determining whether the properties and specificity of lysins induced by a phage must be related to: (i) the general group lytic specificity of the phage, (ii) the narrow host range of the phage, (iii) the antigenic serotype of the phage, (iv) the kind of cell autolysin of the uninfected host, or (v) the temperate or virulent nature of the phage. Phage K1 is a virulent phage of wide-host range; the typing phages are considered to be temperate (Rippon, 1956) , and are known to be of restricted host ranges.
It is also anticipated that these studies will provide information on the production of additional enzymes for analysis of the structure of the staphylococcal wall.
MATERIALS AND METHODS
Phages and S. aureus host strains. Phages and host strains of the phage-typing series were obtained through the courtesy of John E. Blair (N.Y. Hospital for Joint Diseases, New York, N.Y.). The staphylococcal cultures were maintained on Trypticase Soy agar (BBL). The phages were produced in Trypticase Soy broth, supplemented with 400 pig/ml of calcium ion, designated TSCa, and were stored at 4 C. The phages and homologous host strains are listed in Production of phage-induced lysins. Production of the phage K1-induced lysin from host K1N has been described (Ralston et al., 1955 (Ralston et al., , 1957b . Lysins induced by specific typing phages 3C, 55, 79, 42B, 42E, 53, 70, 77, 42D , and 73 were produced in TSCa broth by shake culture at 37 C. Bacteria at 5 X 107 cocci per ml were infected with phage at initial phage-cell ratios (P/B) optimal for each system, generally ratios of 1:100 to 1:1,000. A total volume of 50 ml of infected cells was placed in a 250-ml flask and was incubated until lysis, or for a maximum of 6 hr. The lysates were stored at 4 C or were centrifuged immediately at 20,000 X g for 2 hr at 4 C. The sedimented pellets containing phage were resuspended to one-tenth volume in TSCa broth and were centrifuged once more to remove residual soluble lysin. The lysins were found in the supernatant layers. Similar procedures were used to produce lysins and phages on host S. aureus KlHi and to produce phage K1 lysates of the PS strains of S. aureus (Tables 1, 3 , 4, and 5). Phages 80 and 187 produced low yields of both phage and lysin by shake culture, and were made by incubation on semisolid agar according to the phage production procedure recommended by Blair and Williams (1961) . A lysin produced by phage 3C on host PS 3C is designated 3C(3C), etc.
Production of ceU autolysin. Uninfected cells of each strain were added to TSCa broth in initial concentrations of 5 X 107 cocci per ml. The flasks were incubated on a reciprocal shaker at 37 C for 6 hr, and then were placed at 4 C to allow the cultures to autolyze. Lysis was followed by observing decreases in turbidity at 660 m,u in a Klett photoelectric colorimeter. When 50% clearing of the culture had occurred, the preparations were centrifuged at 20,000 X g at 4 C, the pellet material was discarded, and the supernatant layers were used as the source of autolysin. No activity was found in the pellets. The autolysins were stored at -15 C.
Assay of lysin activity. Enzyme activity was measured by a turbidimetric procedure at 660 m,u. The enzyme activity of any given preparation for standard cell suspensions was reported in terms of a relative velocity constant K min1 ml-', calculated according to the method described previously for virolysin and autolysin (Ralston et al., 1957a (Super Brite Paving Beads, Minnesota Mining and Manufacturing Co., St. Paul, Minn.) . Approximately 100 ml of cells at 1010 per ml were mixed with 100 g of beads and blended at top speed for 20 min. Unbroken cocci were separated from walls by differential centrifugation. The walls were washed in distilled water, heated at 100 C for 20 min to inactivate residual autolysin, and exposed
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Freehold, N.J.; 2 ,g/ml at 37 C, in appropriate buffer) until materials adsorbing light at 260 and 280 m,u had been reduced to a minimum. They were then washed free from enzyme and were resuspended in distilled water to approximately 5 mg/ml (dry weight).
Slide test for estimation of lysin activity. This procedure was essentially a "screening" test for assaying many enzymes or testing one enzyme on a series of substrates. Cells to be used as indicator substrates were suspended in 0.10 M K2H-KH2 phosphate buffer (pH 7.0) to a turbidity equivalent to 6 X 109 cocci per ml. The buffer was prepared in saline and contained 0.0002 M MgCl2, MnCl2, and CaC12. The cellbuffer mixture was diluted 1:2 with melted 0.75% agar in distilled water, and 1-ml amounts were placed on clean microscope slides arranged on a tray as described for assay of phage by plaque count (Ralston and Baer, 1960 ). Enzymes to be tested were placed on the surface of the solidified agar with a Pasteur pipette. The slides were incubated in moist chambers at 37 C for various times, and were observed for appearance of visible lytic zones (clearing).
Preparation of rabbit antisera. Rabbit antisera specific for the K1 phage-induced virolysin and the autolysin from uninfected cells of S. aureus K1N were prepared by methods previously de- scribed (Ralston et al., 1957a, b) . The antisera contained a trace of material (probably serum lysozyme) lytic for S. aureus cells and for M. lysodeikticus. It was partially removed by heat at 56 C for 1 hr, followed by exposure to SuperCel (Johns-Manville Corp., Buffalo, N.Y.).
Antiserum neutralization tests. Tests of enzyme inhibition by specific antisera were performed by mixing lysin and antiserum and incubating for a given time (0.5 to 2 hr) at 20 C. Virolysin antiserum was used at %o final concentration and autolysin at 1 5 final concentration. Residual lysin activity was then determined by the usual lysis test procedure. All data were corrected for any lysis which occurred as a result of lytic material present in the serum-control tubes. The degree of lysin inhibition was found to be a function of the amount of antibody, the time of incubation, and the concentration of lysin. In testing an unknown lysin, the lysin exposed to antiserum was first adjusted to contain a lytic activity equal to that used for the known lysin (against which the specific antiserum had been prepared). A lysin was considered to be related to virolysin K1 when its activity was depressed in the order of 50% by the antiserum. Tests for relatedness of a lysin to the phage K1-induced virolysin were performed with standard S. aureus KlN heat-killed cells as a substrate. Tests for relatedness of an unknown lysin to autolysin of uninfected KlN cells were made with standard acetone-dried M. lysodeikticus cells.
RESULTS
Preparation and tests of lysins. In addition to the agents designated "autolysin" from autolysates of uninfected cells, lysates were prepared by infecting (i) a series of propagating strains (PS) of S. aureus with their respective typing phages, (ii) a series of the same strains (PS) with the polyvalent phage K1, and (iii) strain S.
aureus K1Hj with individual specific typing phages. The lysins, prepared as described under Materials and Methods, were heat-labile (56 C for 15 min) and were inactivated by exposure to trypsin (2 ,ug/ml for 2 hr at 20 C). They lost activity within a few weeks at 4 C, but could be preserved for considerable periods at -15 C and withstood several cycles of freezing and thawing.
The following criteria were used to characterize each preparation: ability to lyse a standard preparation of heat-killed logarithmic-phase cells of S. aureus KIN, ability to lyse heat-killed and acetone-extracted cells of M. lysodeikticus, susceptibility to inhibition by specific antiserum prepared against partially purified phage K1-induced virolysin from strain KIN, and inhibition with specific antiserum prepared against partially purified autolysin from uninfected strain KIN. The enzyme activity was expressed as a relative velocity constant, K min'lml-h, calculated as previously described (Ralston et al., 1957b) .
Autolysins. We had previously shown that the autolysin from host K1 was antigenically related to the autolysin of strain 145 (now designated strain PS 51). This relationship suggested that all of the autolysins of the staphylococci might be alike (Ralston et al., 1957b) . In contrast, the lysin virolysin induced by phage K1 (also by its mutant phage K14) was unaffected by antiserum to autolysin. In the present studies, autolysins of several additional strains of S. aureus appeared to be antigenically related to the K1 autolysin. Table 2) .
The phage-induced lysins were not affected by antiserum to the phage K1 virolysin; neither were they extensively inhibited by antiserum to strain K1 autolysin. However, autolysin antiserum caused a partial inhibition in some cases, suggesting that the phage lysates contained small but significant quantities of cell autolysin mixed with larger amounts of other induced lysins. These observations indicate that the typing phages caused the formation of agents distinct from the phage K1 virolysin and the strain K1 autolysin, making it probable that separate genes are responsible for inducing each kind of lysin.
Whenever the induced enzymes acted on cells of strain KuN, they also acted on cells of the homologous strain (PS), i.e., the strain on which the lysin was produced. The relative activity of individual lysins for strains K1 and PS varied, however ( (Ralston and Baer, in press). Two variants of this strain have been isolated: K1N, which is relatively more resistant to plaque formation by phages of B serotype and also by phages lytic for group II strains of the S. aureus typing series; and strain KlHi, which is more susceptible to these phages (Ralston and Baer, in press lyse M. lysodeikticus as well. The enzymes lysed a wide range of heat-killed strains of S. aureus (Ralston et al., 1955) . In the present studies, lysis tests were performed by a spot technique on agar layers spread on microscope slides in a manner similar to that employed for plaque counts (Ralston and Baer, 1960;  This study was performed to determine whether there were any specificities in lytic range which might be correlated with either the plaque range or serotype of the inducing phage. Lysins resulting from infections of the specific phages and their homologous hosts were cross-spotted on heat-killed preparations of 12 strains of S. aureus. Significant clearing was produced by all lysins; there were only minor differences in the relative degree and rate of lysis. When tested by this procedure, strains PS 80 and 55 were more resistant to the lysins than were the other strains (see also Table 3 ).
(iii) Cell-wall preparations. All the phage lysins were spotted on turbid layers of purified cell walls of strain K1N . The walls had been prepared by disintegration with glass beads as described under Materials and Methods. All the lysins produced clearing of the walls, showing that the site of action is on the staphylococcal wall.
The mucopeptide component of the wall was prepared by extraction of cells with hot trichloroacetic acid, followed by digestion with trypsin, according to the method of Hancock and Park (1958) . Fractions prepared by this method were digested by the phage K1 virolysin from strain Kj (Ralston, Baer, and Elberg, 1961 
DIscussIoN
It is of interest that all the phage lysates tested so far in these studies contained considerable quantities of lytic materials for S. aureus strains in a soluble form which may be separated from the different phages. In a subsequent paper, it is shown that the purified phages themselves do not cause lysis (Ralston and McIvor, 1964) , but together with the soluble lysins produce a rapid lysis-from-without of living cells, like virolysin (Ralston et al., 1957a) . It has been suggested that the lysin virolysin from phage K1 probably functions at the end of the latent period of infection to digest the wall (presumably also the receptor material) and to release intracellularly formed phage (Ralston et al., 1955 . Since the lysins studied in the present series also digest the mucopeptide of the wall, it may be surmised that phage infections of the staphylococci all involve a common mechanism for phage release.
The phages studied in these experiments are known to possess characteristic lytic ranges. It has been our interest to determine whether phages which were of narrow host ranges induced lysins of narrow lytic ranges. Under the assumption that a given lysin was essential for escape, this would have helped to explain the specificity of the phage. However, our tests show that the lysins are active for a wide range of S. aureUs, regardless of the specificity of the inducing phage or the capacity of the phage to multiply on the host used as lysin substrate. The explanation for the specificity of the phage probably lies elsewhere.
Although materials in the various phage lysates all act on the mucopeptide of the staphylococcal wall, it is possible that individual lysins may cause this polymer to be broken into different fragments. It is also possible that the lysins are comprised of mixtures of enzymes, some of which will prove to be of different lytic specificity when they have been purified.
The lysin described by Richmond (1959) in cell cultures of S. aureus 524 SC may be related to the autolysins described in this paper, since it is active on M. lysodeikticus. In view of the antigenic differences in the various phage-induced lysins, it will be of interest to determine what
